Abstract Genome variation studies in Plasmodium falciparum have focused on SNPs and, more recently, large-scale copy number polymorphisms and ectopic rearrangements. Here, we examine another source of variation: variable number tandem repeats (VNTRs). Interspersed low complexity features, including the well-studied P. falciparum microsatellite sequences, are commonly classified as VNTRs; however, this study is focused on longer coding VNTR polymorphisms, a small class of copy number variations. Selection against frameshift mutation is a main constraint on tandem repeats (TRs) in coding regions, while limited propagation of TRs longer than 975 nt total length is a minor restriction in coding regions. Comparative analysis of three P. falciparum genomes reveals that more than 9% of all P. falciparum ORFs harbor VNTRs, much more than has been reported for any other species. Moreover, genotyping of VNTR loci in a drug-selected line, progeny of a genetic cross, and 334 field isolates demonstrates broad variability in these sequences. Functional enrichment analysis of ORFs harboring VNTRs identifies stress and DNA damage responses along with chromatin modification activities, suggesting an influence on genome mutability and functional variation. Analysis of the repeat units and their flanking regions in both P. falciparum and Plasmodium reichenowi sequences implicates a replication slippage mechanism in the generation of TRs from an initially unrepeated sequence. VNTRs can contribute to rapid adaptation by localized sequence duplication. They also can confound SNP-typing microarrays or mapping short-sequence reads and therefore must be accounted for in such analyses.
Introduction
Plasmodium falciparum is the causative agent of the most severe and fatal form of human malaria; a disease that caused an estimated 243 million episodes and 863,000 deaths in (WHO 2009 ). This disease has persisted due in part to parasite-immune system evasion, and the development of antimalarial drug resistance. Studies of genome variation in this 81% AT rich (Gardner et al. 2002) parasite have focused predominantly on SNPs (Jeffares et al. 2007; Mu et al. 2007; Volkman et al. 2007b) or large structural variation (Carret et al. 2005; Cheeseman et al. 2009; Kidgell et al. 2006; Ribacke et al. 2007) .
Tandem repeats (TRs), including simple sequence repeats, microsatellites, and minisatellites, are valuable as genetic markers due to their wide distribution, presumed neutrality, and relatively fast timescale of evolution (Ellegren 2004; Rando and Verstrepen 2007; Schlotterer 2004) . Phenotypes affected by variable number TRs (VNTRs) include dog skull morphology (Fondon and Garner 2004) , phase variation (van Belkum et al. 1998) , and several human diseases and syndromes (Hancock and Simon 2005; Kenneson et al. 2001; Snell et al. 1993) . VNTRs can produce homopeptide tracts (Fondon and Garner 2004) , duplicate protein domains (Verstrepen et al. 2005) , or affect gene expression levels (Vinces et al. 2009; Whetstine et al. 2002) and transcript splicing (Pagani et al. 2000) . However, in a wide-variety of organisms TRs are rare in coding regions relative to non-coding regions (Edwards et al. 1998; Wang et al. 1994) , indicating strong selection against repeats that cause frameshift mutations (Metzgar et al. 2000; Morgante et al. 2002; Toth et al. 2000) .
Variable number tandem repeat polymorphisms are appreciated as a type of copy number variation (Conrad et al. 2009 ) and have been surveyed in the ORFs of Legionella pneumophila (Coil et al. 2008) , Saccharomyces cerevisiae (Bowen et al. 2005; Verstrepen et al. 2005) , Aspergillus fumigatus (Levdansky et al. 2007 ), Neisseria spp. (Jordan et al. 2003) , and humans (O'Dushlaine et al. 2005) . The reported percentage of ORFs with VNTRs varies in different species ranging from \0.01% in L. pneumophila to approximately 4.3% in S. cerevisiae. Most of these are likely to be underestimates due to limited sampling and/or conservative criteria. For example, based on their amount of sampling the human study estimates a true rate of 6% up from the 1.6% they empirically identified. However, the S. cerevisiae analysis identifying 4.3% of ORFs (Bowen et al. 2005 ) may be an overestimate because the authors assume all TRs in ORFs [4 nt in length are polymorphic. VNTR polymorphisms have not been examined genome-wide in P. falciparum.
Investigations of repeat structures in the P. falciparum genome include microsatellite sequences (Su et al. 1999; Su and Wellems 1996) , repeats in genes that encode antigen or surface proteins (Cowman et al. 1984; Dame et al. 1984; Kemp et al. 1987; Stahl et al. 1985; Triglia et al. 1987) , and subtelomeric repeats including the rep20 elements (Oquendo et al. 1986 ). Plasmodium TR arrays are likely to expand through slipped strand mispairing (Hughes 2004; Rich and Ayala 2000) , and in some cases may play a role in immune evasion (Schofield 1991) or other particular functions (Kochan et al. 1986; O'Donnell et al. 2002) . Other P. falciparum studies identified intragenic TRs of non-antigen encoding genes (Anderson et al. 2000; Vinayak et al. 2006 ) and an unusual abundance of nonglobular domain insertions at the amino acid level (Bowman et al. 1999; Gardner et al. 1998 ). However, these nonglobular domains were identified by the SEG algorithm (Wootton and Federhen 1996) which is commonly used to identify and mask low complexity amino acid sequences (Ye et al. 2006) . More recent analysis concludes that \20% of these nonglobular domain insertions are unequivocally repetitious (Pizzi and Frontali 2001) . The current work aims to comprehensively evaluate VNTRs in P. falciparum.
Here, we describe the genome-wide distribution for this class of repeat and its relationship to coding sequences.
Repeat expansion in coding regions is restricted only for very long VNTRs or when frameshift mutations are introduced, leading to an unusually high repeat abundance and variability among P. falciparum strains. Gene ontology (GO) enrichment analysis of genes carrying VNTRs suggests components of rapid, adaptive variation. Structural features of the repeats and flanking regions indicate that a replication slippage mechanism can generate repeats in sequences that were originally unrepeated, and is supported by inter-and intraspecies comparative sequence analysis.
Materials and Methods

Genome-Wide TR Analysis
The 3D7 genome sequence was downloaded from PlasmoDB v5.3 (Bahl et al. 2003) . The sequence for each chromosome was analyzed with Tandem Repeats Finder v4.0 (Benson 1999) with the maximum period size set to 2,000 and all other settings at default values. The results were parsed with custom perl scripts and stored in a database for querying. Data were analyzed with standard database tools and MATLAB software.
Telomeres and subtelomeric regions were excluded from any analyses that used the repeat categorization, ''39 repeat'' (a repeat where the motif length is a multiple of 3). Subtelomeric regions were defined by the location of the most proximal rep20 or telomere associated repetitive element (Figueiredo et al. 2000) that could be identified. Genes and repeats contained in or distal to this location were considered to be subtelomeric. Definitions for repeat array length, perfect repeats, and calculation of relative coding versus non-coding 39 repeat frequency are available in Supplementary materials and methods. The repeat distributions were compared with a Mann-WhitneyWilcoxon test.
Tandem repeat density in a region was calculated as the total number of nucleotides comprising that region divided by the number of TRs found in that region to calculate a mean nucleotide spacing between TRs which we state as: 1 TR/X nt. The TR region was defined as the region where [50% of the repeat nucleotides was located.
Intragenic TR Location in Gene
Methods to assess spatial distribution were adapted from Huntley and Clark 2007 for all intragenic TRs identified in the 3D7 genome. In brief, each transcript sequence was divided into three segments of equal length: 5 0 segment, midsegment, and 3 0 segment. The TR midpoint was used to assign location into one of these groups. If the midpoint was located at the boundary of two segments, it was randomly assigned to one of them. Expected frequencies were calculated with the following formulas where L is transcript length and l is total intragenic TR length:
A chi-square test was used to compare observed and expected frequencies.
Comparative Analysis of 3D7, HB3, and Dd2 Transcript Sequences
In order to identify VNTRs in coding regions, we analyzed 3D7, HB3, and Dd2 transcript sequences. We generated a genome-wide map informing which 3D7 transcript was homologous to which HB3 or Dd2 transcript using blast. Transcript sequences were analyzed with Tandem Repeats Finder. TRs in homologous transcripts from 3D7/HB3/Dd2 were mapped to each other using blast to compare the TR sequence, and the 30 flanking nucleotides up and downstream. Only perfect repeats and near perfect repeats C12 nt in unit length were used in the TR mapping. If the repeat copy number varied between parasite strains, the TR was considered to be a VNTR. Further details are available in Supplementary materials and methods. We used the GO Term Enrichment Tool available via GeneDB's AmiGO interface to assess possible functional implications of VNTRs (Ashburner et al. 2000; Boyle et al. 2004; Hertz-Fowler et al. 2004) . Plasmodium falciparum GO annotation v1.62, GOC validated 3/2009 was used.
VNTR Genotyping
Oligonucleotide primers were designed using VectorNTI (Invitrogen, Carlsbad, CA) to amplify and genotype PCR fragments (Supplemental Table S1 ). Fluorescently labeled primers were obtained from Sigma-Aldrich (St. Louis, MO). Polymerase chain reactions were setup with Phusion Flash High-Fidelity PCR Master Mix (Finnzymes, Inc., Woburn, MA) using two-step protocol cycling conditions. Samples were genotyped in triplicate on a CEQ8000 (Beckman Coulter, Fullerton, CA). Further details are available in Supplementary materials and methods.
Tandem Repeat Flanking Sequence Analysis
The Plasmodium knowlesi genome sequence (Pain et al. 2008 ) was downloaded from PlasmoDB v5.3. The ME49 Toxoplasma gondii genome sequence, an organism often used as a model for Plasmodium and other apicomplexans (Kim and Weiss 2004) , was downloaded from ToxoDB v4.3 (Gajria et al. 2008) . TR flanking regions were analyzed to identify sequences that were identical to the start of the repeat, a feature that we refer to as an ''overhang.'' Using custom perl scripts, we determined the overhang size in nucleotides. We used overhangs C4 nt to evaluate the possibility of a sequence repeat arising from slipped strand mispairing for both short and long repeats; using a longer overhang would be poorly suited when applied to short repeats because this would often indicate that the sequence was previously duplicated. Monte-Carlo sampling was used to estimate the genome-wide background incidence of overhangs using 1 million samples. Further details are available in Supplementary materials and methods. The observed number of overhangs present in the TR flanking sequences was compared to the estimated background rate using a chi-square test.
Homologous VNTR loci were identified in Plasmodium reichenowi using the blast interface at PlasmoDB. Sequences with a blast e-value of 0 were aligned to the 3D7 sequence through the EMBOSS Pairwise Alignment Algorithm (Rice et al. 2000) : http://www.ebi.ac.uk/Tools/emboss/ align/index.html.
Results
In the P. falciparum 3D7 reference genome, 49,798 TRs were identified (1 TR/467 nt). This number includes overlapping repeats such that compound repeats of different periods could be recognized. The distribution of TRs across the 14 chromosomes is shown in Fig. 1 . In general, the largest repeats were found near the telomeres, however, a few large repeats are internal on the chromosomes. VNTRs were identified within 489 ORFs (Fig. 1 , dark red circles).
Tandem Repeats in Coding Regions
Tandem repeats with a motif size that is a multiple of three (39 repeats) do not cause a frameshift mutation when repeats are added or deleted. In non-coding regions, roughly 33% of TRs were 39 repeats (as would be expected from a random repeat size distribution); the same was true for introns (Fig. 2) . However, in coding regions, nearly 94% of TRs were 39 repeats. The density of 39 repeats was very similar in coding (1 TR/889 nt) and non-coding regions (1 TR/965 nt). When comparing the repeat array length of 39 repeats in coding versus non-coding regions, the coding repeats have a greater mean and median length, and are not likely to be derived from the same distribution as noncoding repeats (mean: 97 vs. 71 and median: 69 vs. 48 in coding vs. non-coding, respectively; P \ 0.0001). However, the largest repeats occur more frequently in noncoding regions (Supplemental Fig. S1 ). At C975 nt, the relative frequency of 39 repeats is the same in coding and non-coding regions. The relative frequencies become more non-coding biased at repeat lengths beyond 975 nt and repeat arrays C1,500 nt are approximately twice as frequent in non-coding than coding regions. Moreover, TR spatial distribution in genes is not likely to be drawn from a random distribution (P \ 0.0001), with TRs observed more frequently in the transcript midsegment and 5 0 segment, and less frequently in the 3 0 segment than expected by chance (Fig. 3) .
Comparative Analysis of 3D7, HB3, and Dd2 Transcript Sequences for VNTRs
The set of predicted transcript sequences for 3D7, HB3, and Dd2 was analyzed for VNTRs in predicted coding regions. Overall, 4484 3D7 transcript sequences mapped to a homolog in HB3 and/or Dd2 and 489 of these harbored VNTRs, approximately 9% of all P. falciparum genes and 11% of 3D7 genes with a mapped homolog. The 489 VNTR genes were analyzed for GO term enrichment, identifying several terms associated with stress/DNA damage responses and chromatin modification (Supplemental Table S2 ).
Observations of VNTR Loci in Multiple Strains
As an initial exploration into variability and segregation at the population level, we genotyped six predicted VNTRs, chosen randomly, in several parasite lines to represent: the reference genome sequence (3D7); the two parents of a genetic cross (HB3, Dd2); and a drug-selected parasite (CF10) and its progenitor (106/1) ( Table 1 ). In addition, we examined VNTR inheritance of one of these loci (PF14_0538) in progeny of the HB3 9 Dd2 genetic cross (Wellems et al. 1990 ) and 334 Southeast Asian field isolates (Nair et al. 2007 ); we further validated this locus in 10 of these field isolates by capillary sequencing. Genotyping confirmed the predicted VNTR variability in lab strains and field isolates. Southeast Asian field isolates genotyped at the PF14_0538 locus had various alleles ranging from 1 to 2 repeat copies, to rare alleles with as many as six repeat copies (Supplemental Fig. S2 ). The flanking region around the repeats was identical in the sequenced field isolates and lab adapted parasites. Parasite clone CF10 was derived directly from 106/1 by in vitro drug selection without passage through meiotic stages (Cooper et al. 2002) . Genotyping data revealed no differences between 106/1 and CF10, however, of 28 candidate 106/1 polymorphisms identified by microarraybased comparison to the P. falciparum reference genome, capillary sequencing demonstrated that 9 (32%) were due to polymorphic VNTRs.
Tandem Repeat Flanking Sequence Analysis
An analysis of the 33,576 TRs with C12 nt unit length revealed 73.4% of those TRs had a flanking sequence overhang at least 4 nt long; when this 73.4% overhang rate is compared to a Monte-Carlo based estimate for genomewide overhang incidence (10.0%), a chi-square test finds a significant difference (P \ 0.0001). Analysis of T. gondii and P. knowlesi genomes yielded similar results (Table 2) ; other apicomplexan genomes could not be properly analyzed because they were not assembled into chromosomes.
These overhang features facilitate mispairing when DNA strands separate, causing the intervening sequence to become deleted or duplicated (Fig. 4) . The ancestral state is assumed to be a single copy sequence flanked by a sequence overhang that undergoes subsequent expansion through slipped strand mispairing; in some cases, the sequence may become deleted. When compared to a state that has the repeated sequence, the unrepeated sequence can be considered to have ''one copy'' of the repeat unit, and the deleted sequence to have ''zero copies'' of the repeat unit. Polymorphisms in the flanking region will reduce sequence identity in the overhang region, TR density was calculated in three apicomplexan genomes. Overhang analysis was limited to repeats with unit length C12 nt to determine what proportion had an overhang at least 4 nt long for the three genomes. This was compared to an estimated background incidence with a chi-square test diminishing the chance of mispairing. Several examples from P. falciparum and P. reichenowi sequence data demonstrate these points (Fig. 5) ; identification of homologous repeat regions through other species in the Plasmodium lineage is prevented by low sequence identity. Figure 5a , b depict VNTR loci in P. falciparum that are unrepeated in the P. reichenowi sequence where SNPs are present in the P. reichenowi overhang sequence reducing sequence identity to the start of the repeat units, eliminating the possibility of repeat generation. Figure 5c illustrates a locus that is deleted in P. reichenowi relative to P. falciparum, where only the overhang sequence remains. Through this slippage mechanism, a sequence that was not originally tandemly repeated can become duplicated to form a TR, or deleted.
Discussion
We identified a greater percentage of genes (9%) containing VNTR polymorphisms in the P. falciparum genome than has been reported for any other species to date (Bowen et al. 2005; Coil et al. 2008; Jordan et al. 2003; Levdansky et al. 2007; O'Dushlaine et al. 2005; Verstrepen et al. 2005) . These current findings are expected to be an underestimate due to several factors: (1) compared three genomes and we expect variation in the genomes of other parasite strains; (2) 1,111 or 20% of the predicted 3D7 P. falciparum transcript sequences could not be mapped to a homolog; (3) TRs were bioinformatically recognized in each individual parasite sequence and subsequently compared for copy number, causing us to miss examples of one or zero TR ''copies'' (i.e., a sequence present zero or one times is not recognized as a TR in the initial bioinformatic step); (4) The VNTR analysis was limited to repeat sizes that would be considered minisatellites (C12 nt repeat unit) to monitor how variable larger repeats are. Smaller TRs such as a 3 nt repeated unit in pfmdr1 that is variable between 3D7, HB3, and Dd2 were not tallied in this analysis. In addition to VNTRs, P. falciparum has the greatest intragenic TR content reported for any species, including fourfold higher than T. gondii, and 10-to 150-fold greater than nine other genomes surveyed (Goto et al. 2008) . Gene ontology enrichment analysis of the 489 genes containing VNTRs identified several overrepresented terms associated with stress or DNA damage responses, or chromatin modification-which influences transcription, DNA repair, and chromosome condensation (Kouzarides 2007) . Copy number variation is important in P. falciparum drug resistance evolution (Carret et al. 2005; Cheeseman et al. 2009; Kidgell et al. 2006; Nair et al. 2007) , and it could be a component of the accelerated resistance to multiple drugs (ARMD) phenotype reported by Rathod et al. 1997 . Previous studies suggest defective DNA repair and nucleotide excision or mismatch repair in particular may be a potential mechanism for ARMD (Trotta et al. 2004) or generating genetic diversity (Bethke et al. 2007) . We note that an association of VNTRs with stress or DNA damage response, or chromatin modification functions could suggest mechanisms that influence adaptive potential as has been described for other microorganisms (Chopra et al. 2003; Denamur and Matic 2006; Foster 2007) . ARMD is a strain-specific phenotype, and it is plausible that mechanisms driving TR generation could also be strain specific.
We observed dense, fairly uniform TR distribution across the 14 P. falciparum chromosomes (Fig. 1) . Fig. 5 TRs and sequence overhangs in P. falciparum and P. reichenowi. Several VNTR loci from P. falciparum and P. reichenowi illustrate how sequence overhangs may initiate TR repeat generation or sequence deletion. a PFA0175w is a variable locus in P. falciparum where a 24 bp repeat with a 10 bp overhang in the flanking region is present. In P. reichenowi, the sequence is not repeated and the 10 bp overhang contains three SNPs that reduce sequence identity to the potential repeat motif, eliminating the chance for replication slippage to tandemly duplicate the sequence. b MAL8P1.151 contains an 18 bp repeat with a 9 bp overhang. In the homologous P. reichenowi sequence, the 18 bp sequence is not repeated and there are two SNPs in the overhang. c PFF0325c contains an unrepeated 33 bp sequence tduhat is flanked by a 15 bp sequence overhang. In P. reichenowi, the 33 bp sequence is absent, and the flanking 15 bp overhang is all that remains Concordant with yeast studies (Richard and Dujon 2006) , we found no association between minisatellites and meiotic recombination hot spots. In coding regions, we observed strong selection against frameshift mutations as has been reported in other species (Metzgar et al. 2000; Morgante et al. 2002; Toth et al. 2000) , and see no evidence for selection against in-frame TRs that effectively lengthen the amino acid sequence until the repeat array reaches lengths surpassing 975 nt.
Unique to P. falciparum, intragenic TRs are more frequent in the middle of transcript encoding regions. Studies in other species find repeat sequences overrepresented in the terminal segments (Alba and Guigo 2004; Huntley and Clark 2007; Siwach et al. 2006 ). However, due to the focus on homopeptide tracts of individual amino acids or low complexity regions, the studies may not be directly comparable with our nucleotide-level TR analysis. A more comparable nucleotide-level TR analysis of multiple Aspergillus genomes found TR spatial distributions that did not significantly deviate from a random distribution with the exception of Aspergillus niger (Gibbons and Rokas 2009 ). An underlying cause for spatial bias of repeats is currently unknown.
We genotyped six coding VNTRs through DNA fragment length analysis in different parasite populations. Each of these repeats was unique to one locus in the genome so they were not common low complexity regions. The VNTRs were variable in lab lines and field samples, but were stable over a 2-month period of drug selection and in vitro cultivation. Furthermore, these TRs were inherited in a Mendelian fashion in progeny of a genetic cross indicating short-term stability through meiosis and mitosis (data not shown). More extensive studies will be required to determine the stability of VNTRs and the rate at which these mutations occur, however, other studies indicate that indels/TRs provide at least as much polymorphism as SNPs in P. falciparum (Volkman et al. 2007a, b) .
A common feature in the majority of TR flanking regions indicates TR generation through slipped strand mispairing. TRs with short unit lengths may occur by chance, but as repeat unit length increases, the chance of finding a tandemly repeated sequence decreases exponentially. Multiple examples of long, tandemly repeated sequences suggest a mechanism causes localized duplication of a single, originally unrepeated sequence to create a TR. Overhang sequences commonly found in TR flanking regions allow mispairing to occur (Fig. 4b) , causing the intervening sequence to become deleted or duplicated (Fig. 4c) . Through this slipped strand mispairing, a sequence that was not tandemly repeated can become duplicated locally to form a TR. Electron micrographs provide direct visualization of bulges and knots in DNA TR regions over 4 kb segments (Coggins and O'Prey 1989) demonstrating that dissociation and mispairing can occur over kilobase-sized regions. This predicts that two identical sequence patches can lead to duplication or deletion of the intervening sequence. P. reichenowi is the closest relative of P. falciparum (Escalante and Ayala 1994; Escalante et al. 1995) and the current understanding is that P. falciparum originated from P. reichenowi (Rich et al. 2009 ). Examples comparing P. falciparum and P. reichenowi sequence data exhibit behavior consistent with a role for sequence overhangs in TR generation (Fig. 5) . The sequence overhang is necessary only for the initial TR formation after which TR units allow unequal crossover or further mispairing to alter the number of repeats (Chambers and MacAvoy 2000; Jeffreys et al. 1999; Levinson and Gutman 1987) . Nearly, 75% of P. falciparum TRs demonstrate sequence overhangs and with more extensive genome sequence information from multiple parasite strains that will emerge from population surveys that use high-throughput sequencing, it will be possible to deduce the minimum overhang requirements for size, sequence identity, or maximum unit length.
Conclusions
Traditionally, investigations have focused on SNPs or copy number polymorphisms when investigating phenotypes of interest. If unaccounted for, these VNTR polymorphisms may cause complications in genomics studies such as in SNP-typing microarrays or when mapping short-sequence read data to a reference. However, they may also be incorporated into other genomics studies since VNTR polymorphisms are detectable through comparative genomic hybridization microarrays (Tan et al. 2009 ). TRs may affect primary protein sequence, transcript splicing, or gene expression levels but (excluding microsatellites) have not been extensively characterized in P. falciparum. It appears that there are no restrictions on TRs in coding regions other than selection against frameshift mutation, and selection against TRs with a total length above 975 nt. We find that TRs, which may play adaptive roles to selective pressures through DNA damage responses or immune evasion, are more abundant and variable than in other genomes. The interstrain variation caused by VNTRs is greater in P. falciparum than other organisms analyzed to date. Overhang sequences found in the majority of TR flanking regions provide support for repeat generation from a single source unit through slipped strand mispairing. This predicts that TRs may be generated at any sequence stretch flanked by a sequence overhang. We conclude that TRs are an underappreciated source of gene variation with previously unrecognized abundance and variability that must be accounted for in addition to SNPs and traditional copy number polymorphisms.
